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1. Abstract 
1.1. Background 
For translation of mRNA to occur, ribosome has to recognize the correct start codon. 
The site recognition mechanism differs considerably between prokaryotes and 
eukaryotes. The most well-known translation initiation site recognition mechanism in 
prokaryotic systems is the Shine-Dalgarno (SD) interaction. This interaction is mediated 
by the base pairing between rRNA and mRNA at their particular regions. A pyrimidine-
rich, anti-SD sequence in the 3′ tail of a small subunit rRNA forms base pairing with a 
complementary, purine-rich, SD signal sequence in the 5′ untranslated region (UTR) of 
an mRNA. A core motif (i.e., the anti-SD motif), 3′CCUCC, is conserved among anti-
SD sequences. This motif’s extreme evolutionary constraint suggests a crucial role for 
SD interaction. 
The anti-SD motif is so far known to be universally present in prokaryotes, suggesting 
the universality of SD interaction. SD sequences are not necessarily found in protein-
coding genes in prokaryotes, showing considerably diverse usage among species. 
Because organelles of prokaryotic origin, mitochondria and plastids, originated from 
bacteria, SD interactions should have been present in their early endosymbiotic stages. 
The interaction seems still widely used in plastids, while used only in rare bacteria-like 
mitochondria. 
Exponentially increased genome data now provide an unprecedented chance to obtain 
more detailed understanding of SD interactions in various taxonomic groups. Here I 
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conducted a large-scale analysis of all available complete genome sequences of bacteria 
and plastids for SD interactions with emphasis on their alterations and losses. 
1.2. Parallel Losses of Shine-Dalgarno Interactions in Bacteria. 
Contradicting to the conventional belief that prokaryotes universality use SD 
interactions for translation initiation of some of their genes, I found 15 bacteria without 
the classical anti-SD motif (referred to as lost anti-SD bacteria) by investigating 1,081 
bacterial genome sequences.  
This loss was accompanied by that of SD sequences, suggesting that SD interaction no 
longer operates in lost anti-SD bacteria. Lost anti-SD bacteria emerged independently in 
α-Proteobacteria, β-Proteobacteria, γ-Proteobacteria, Flavobacteria, and Mycoplasma. 
Many of lost anti-SD genomes belonged to obligate host-associated bacteria with highly 
reduced genomes (i.e., primary endosymbionts and mycoplasmas). The evolutionary 
forces toward massive gene/function loss during a period of host association may have 
brought about loss of important but non-essential regulatory functions such as SD 
interaction. A-rich motifs at the corresponding areas of the SD sequences were found in 
all Flavobacteria regardless of the conservation of SD interaction. This motif probably 
mediates an unknown translation initiation mechanism by which SD interactions have 
been replaced. Among Mycoplasma species, only those belonged to a subgroup that 
infects red blood cells showed this loss. 
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1.3. Parallel Losses and Alterations of Shine-Dalgarno Interactions in 
Plastids. 
My research hereinabove reported the rare loss of SD interactions in several bacterial 
lineages. Many of these have been forming obligate association with eukaryotic cells. 
Such association is also seen in organelle genomes of prokaryotic origin, mitochondria 
and plastids. I attempted to understand what happened to SD interactions during the 
evolution of a cyanobacterial endosymbiont into modern plastids. I analyzed available 
complete plastid genome sequences (n = 429) to reveal that the majority of plastids 
retained SD interactions but with varying levels of usage in their protein-coding genes. 
Losses of SD interactions took place independently in plastids of Chlorophyta, 
Euglenophyta, and Chromerida/Apicomplexa lineages. I discovered that the canonical 
SD interaction (3′CCUCC/5′GGAGG (rRNA/mRNA)) was replaced by an altered SD 
interaction (3′CCCU/5′GGGA or 3′CUUCC/5′GAAGG) through coordinated changes in 
the sequences of the core rRNA motif and its paired mRNA signal in plastids of 
Chlorophyta and Euglenophyta. This rRNA-mRNA coevolution proceeded intermediate 
steps that permitted both the canonical and altered SD interactions, so that detrimental 
effects by the motif transition on the cells can be minimized. This coevolutionay 
phenomenon demonstrates unexpected plasticity in the translation initiation machinery. 
1.4. Significance 
This study demonstrates evolutionary plasticity of SD interactions by discovering their 
parallel losses (in bacteria and plastids) and alterations (in plastids) especially under 
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host-associated conditions. Furthermore, alterations in SD interactions were achieved by 
stepwise and coordinated changes in rRNA motif and its complementary mRNA signal. 
This represents, to the best of my knowledge, the first report of rRNA-mRNA 
coevolution. This coevolution caused unexpected plasticity in the translation initiation 
machinery, likely driving genome evolution by affecting all genes with mRNA signals.   
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2. Introduction 
*This Introduction is written based on a published paper (Lim K, Furuta Y, Kobayashi I. 
2012. Large variations in bacterial ribosomal RNA genes. Mol. Biol. Evol. 29:2937–
2948.) and a submitted manuscript (Lim K, Kobayashi I, Nakai K. Alterations in rRNA-
mRNA interaction during plastid evolution). To avoid any troubles in publishing the 
submitted manuscript in a scientific journal, open release of this chapter by the 
University of Tokyo has been postponded for up to 5 years. 
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3. Part 1: Parallel Losses of Shine-Dalgarno Interactions in 
Bacteria 
*This part is written based on a published paper (Lim K, Furuta Y, Kobayashi I. 2012. 
Large variations in bacterial ribosomal RNA genes. Mol. Biol. Evol. 29:2937–2948.). 
3.1. Unusual 3′ Tail Sequences of Small Subunit rRNA Genes 
Previous systematic analyses of bacterial genome sequences reported that evidence for 
SD interactions was observed in all surveyed genomes (Ma et al. 2002; Nakagawa et al. 
2010), except for Ca. Carsonella ruddii, which is a primary endosymbiont of insects 
(Thao et al. 2000). Accelerated accumulation of complete genomic sequences motivated 
me to conduct a similar analysis of larger genomic data. I confirmed the loss of the 
canonical anti-SD motif not only in Ca. Carsonella ruddii but also in many other bacteria 
(Table 1). Fifteen among 1,182 complete genomes of bacteria did not carry the canonical 
anti-SD motif in any of their small subunit rRNA genes (I refer to the fifteen bacteria as 
lost anti-SD bacteria). 
I categorized lost anti-SD bacteria into four groups (Table 1) in terms of phylogeny and 
life style. Group 1 consists of three bacteria with multiple small subuit rRNA genes 
belonging to the class Flavobacteria. Group 2 consists of six bacteria belonging to 
Flavobacteria and primary endosymbionts (obligate and mutualistic bacteria with an 
ancient history of host association) of insects (McCutcheon and Moran 2012). Group 3 
bacteria were also primary endosymbionts of insects, but belonged to the phylum 
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Proteobacteria (McCutcheon and Moran 2012); Group 4 consists of three mycoplasmas 
living in red blood cells (hemotrophic mycoplasmas) (Guimaraes et al. 2011). 
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Table 1. Bacteria with unusual small subunit rRNA 3' tail sequences. 
Group Class Strain 
No. of SSU rRNA genes 
Genomic size 
(nt) 
Note 
Total 
w/o anti-
SD motif 
1 
Flavobacteria  
Flavobacteriaceae 
bacterium 3519-10 
2 2 2768102 Psychrophile 
Flavobacteria 
Riemerella anatipestifer 
DSM 15868 
3 3 2155121 
Pathogen of 
poultry 
Flavobacteria 
Weeksella virosa DSM 
16922 
6 6 2272954 
Isolated from 
human urine 
2 
Flavobacteria 
Blattabacterium sp. str. 
Bge 
1 1 636850 
Primary 
endosymbionts 
of insects 
Flavobacteria 
Blattabacterium sp. str. 
BPLAN 
1 1 636994 
Flavobacteria 
Candidatus Sulcia 
muelleri CARI 
1 1 276511 
Flavobacteria 
Candidatus Sulcia 
muelleri DMIN 
1 1 243933 
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* This table is adapted from Lim et al. (2012)
Flavobacteria 
Candidatus Sulcia 
muelleri GWSS 
1 1 245530 
Flavobacteria 
Candidatus Sulcia 
muelleri SMDSEM 
1 1 276984 
3 
Alphaproteobac
teria  
Candidatus Hodgkinia 
cicadicola Dsem 
1 1 143795 
Betaproteobact
eria  
Candidatus Zinderia 
insecticola CARI 
1 1 208564 
Gammaproteob
acteria  
Candidatus Carsonella 
ruddii PV 
1 1 159662 
4 
Mollicutes 
Mycoplasma haemofelis 
str. Langford 1 
1 1 1147259 
Hemotrophic 
mycoplasmas 
Mollicutes 
Mycoplasma suis str. 
Illinois 
1 1 742431 
 
Mollicutes 
Mycoplasma suis 
KI3806 
1 1 709270 
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In phylogenetic trees based on full-length small subunit rRNA genes of these lost anti-
SD bacteria and other reference bacteria, Groups 1 (Fig. 3A), 2 (Fig. 4A), and 4 (Fig. 5A) 
clustered into distinctive clades, individually. Each of these groups possibly shares a 
history of the anti-SD motif loss. Members of Group 1 share a variation: the anti-SD 
motif, 5′CCTCC, was changed to 5′TCTCA (Fig. 3B). In the other groups, the variation 
was diverse within a group. In Group 2, the classical anti-SD motif, 5′CCTCC, was 
changed to 5′TCTCT or 5′TTTCT (Fig. 3B). There is divergence even within the 
Candidatus Sulcia muelleri: 5′TCTCT from CARI and SMDSEM and 5′TTTCT from 
DMIN and GWSS. Group 3 featured extensively degenerated 3′ tail sequences; 
5′CCTCC was changed to 5′TTTGA, 5′CATTT, or 5′TTTTT (Fig. 4B). In Group 4, 
Mycoplasma haemofelis has a degenerated sequence, 5′TCTTC, and the two 
Mycoplasma suis strains have 5′CTTTT, instead of the classical anti-SD motif (Fig. 5B). 
The conserved C-rich characteristic of the classical anti-SD motif possibly are pivotal 
for firm rRNA–mRNA binding by forming C-G hydrogen bonds stronger than the A-U 
bonds (Freier et al. 1986). The degeneration of the anti-SD motif, mentioned above, 
predominantly resulted in substitutions from C to T or A, thereby likely hampering the 
binding capability of anti-SD sequences to SD sequence.
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FIG. 3. Comparative analysis of SD interactions in Flavobacteria.(A) Maximum likelihood phylogenetic tree based on small subunit rRNA gene 
sequences. Lost anti-SD bacteria are shown in gray. (B) Predicted small subunit rRNA 3′ tail sequences. The regions corresponding to the anti-
SD motif are shaded in gray. (C) SD indexes (dFSD). Triangle: cutoff value < 3.4535 kcal/mol; Dot: cutoff value < 4.4 kcal/mol. (D) Fractions of 
the four nucleotides, dfN (N = A, C, G, or T), at specific positions between -50 and -1 nt from start codons in each genome. The background 
fraction was subtracted. This figure is adapted from Lim et al. (2012). 
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FIG. 4. Comparative analysis of SD interactions in Proteobacteria.(A) Maximum likelihood phylogenetic tree. Lost anti-SD bacteria are 
shown in gray. (B) Predicted small subunit rRNA 3′ tail sequences. The regions corresponding to the anti-SD motif are shaded in gray. (C) 
SD indexes (dFSD). Triangle: cutoff value < 3.4535 kcal/mol; Dot: cutoff value < 4.4 kcal/mol. (D) Fractions of the four nucleotides, dfN (N 
= A, C, G, or T), at specific positions between -50 and -1 nt from start codons in each genome. The background fraction was subtracted. (i) 
Gammaproteobacteria. (ii) Betaproteobacteria. (iii) Alphaproteobacteria. This figure is adapted from Lim et al. (2012). 
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FIG. 5. Comparative analysis of SD interactions in Mycoplasma.(A) Maximum likelihood phylogenetic tree. Lost anti-SD bacteria are 
shown in gray. (B) Predicted small subunit rRNA 3′ tail sequences. The regions corresponding to the anti-SD motif are shaded in gray. (C) 
SD indexes (dFSD). Triangle: cutoff value < 3.4535 kcal/mol; Dot: cutoff value < 4.4 kcal/mol. (D) Fractions of the four nucleotides, dfN (N 
= A, C, G, or T), at specific positions between -50 and -1 nt from start codons in each genome. The background fraction was subtracted. 
This figure is adapted from Lim et al. (2012). 
 17 
 
3.2. Lack of SD Sequences in Genomes without the Classical Anti-SD 
Motif 
Next, I analyzed SD sequences in lost anti-SD bacteria. A widely accepted strategy to 
determine SD-like sequences is to test whether the SD region (usually defined as the 
region -20 to -5 nt from the start codon) of a gene is able to form a RNA-RNA duplex 
with the host’s small subunit rRNA 3′ tail (Schurr et al. 1993; Ma et al. 2002; Starmer et 
al. 2006; Nakagawa et al. 2010). I used FREE_SCAN, which is a tool for finding the 
minimum free energy (ΔG) RNA-RNA structure from given two RNA strands (Starmer 
et al. 2006). I set two cutoff ΔG values, -3.4535 and -4.4 kcal/mol, following earlier 
studies (Ma et al. 2002; Starmer et al. 2006) for determining potential SD sequences. For 
each cut off value, I measured the gene fraction carrying the potential SD sequences 
among all protein-coding genes for a given genome by the equation: FSD = “Number of 
protein-coding genes with the SD-like sequences” / “Number of total protein-coding 
genes”. I regarded FSD as a proxy for intragenomic SD interaction usage. Based on a 
previous study (Nakagawa et al. 2010), I used another index, which was calculated by 
FSD after substituting the background SD fraction in random artificial sequences 
generated based on its background nucleotide fraction (see Materials and Methods for 
details). The adjusted value (dFSD) thus indicates a gene fraction with the SD interaction 
relative to a fraction with random genomic region/anti-SD interaction. In other words, a 
dFSD value  < 0 indicates that fewer 5′ UTRs than random genomic regions have 
capacities for binding to small subunit rRNA 3′ tails.  
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I applied another method that directly showed nucleotide bias in the 5′ UTR by 
calculating changes in the nucleotide fraction (dfN; N = A, C, G, or T) at specific 
positions in the 5′ UTR. A standard SD signal is the G enrichment in the SD region 
because the classical anti-SD motif is C-rich, as clearly seen in the E. coli SD regions 
(Fig. 4D(i)). 
Signal intensities of the SD sequences have not been studied in Groups 1 and 2 lost anti-
SD bacteria belonging to the class Flavobacteria (Table 1). I found that members of this 
class showed dFSD values < 0 and mean ΔG values > -1 kcal/mol with the standard 
deviations ranging from 1.4 to 2.12, regardless of the conservation of an classical anti-
SD motif (Fig. 3C). This suggests that Flavobacteria rarely use SD interactions for 
translation initiation, and that some members lost their classical anti-SD motifs no 
longer allowing SD interactions. 
This may be due to A-rich signals at the corresponding areas of the SD region in all 
surveyed Flavobacteria (Fig. 3D), as opposed to the G-rich signal for SD interactions. In 
E. coli, ribosomal protein S1 contributes to translation initiation complex formation 
through its high affinity to AU-rich regions often observed on 5′ UTRs (Draper et al. 
1977; Boni et al. 1991; Sengupta et al. 2001; Salah et al. 2009). The protein seems to 
assist binding between mRNA and the ribosome together with SD interaction, but it was 
dispensable when the SD interaction was strong (Farwell et al. 1992). Although the 
ability of ribosomal protein S1 to initiate translation by itself without SD interaction 
remains to be determined, an A-rich stretch may aid ribosomal protein S1 to bind and 
assist in translation initiation without an SD interaction. 
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It is also conceivable that an A-rich strand forms a RNA-RNA duplex with a U-rich 
strand in rRNA. A plausible U-rich region is a stretch of U-rich sequences right after the 
anti-SD sequence (Fig. 3B). Because our small subunit rRNA 3′ tail prediction was 
based on sequence comparison with the reference E. coli small subunit rRNA, 
Flavobacteria small subunit rRNA 3′ tails may be longer than the predicted length. 
Accurate annotation of small subunit rRNA ends for all bacteria remains to be achieved, 
which is important to more correctly understand anti-SD motif degeneration processes. 
Figure 4 shows the comparison analysis of Group-3 lost anti-SD bacteria with several 
reference genomes in the phylum Proteobacteria. Diverse dFSD values (range: 0.09–0.41 
with a cutoff value of -4.4 kcal/mol) are seen in the reference genomes, whereas those 
near 0 were observed in Group-3 lost anti-SD bacteria (Fig. 4C). This result was in 
agreement with the nucleotide bias analysis (Fig. 4D): G enrichment were seen in the 
references but not in Group 3 lost anti-SD bacteria. Mean ΔG values of Group 3 lost 
anti-SD bacteria (range: -1.43 to -0.73) were higher than those of the references (range: -
5.81 to -1.78) (Table S1). The ΔG standard deviation values more clearly distinguish 
Group 3 (range: 1.07–1.60) from the references (range: 2.64–3.18) (Table S1). Many 
reference bacteria shown in Fig 4 were host-obligate bacteria with similar features, in 
terms of host association, to Group 3 members. For example, Buchnera aphidicola, 
Baumannia cicadellinicola, and Candidatus Blochmannia vafer are primary 
endosymbionts of insects, as are all Group 3 strains (McCutcheon and Moran 2012). Our 
result supports that SD interactions were lost in Group 3 members and that being a 
primary endosymbiont of insects is not necessarily indicative of SD interaction loss. 
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The phylum Mollicutes, which includes the genus Mycoplasma, is diverse in SD 
interactions usage (Nakagawa et al. 2010). Three hemotrophic mycoplasmas (Group 4) 
that lost classical anti-SD motifs (Fig. 5B) did not indicate SD interactions; there were 
no G-rich signals or any nucleotide enrichments within the SD regions (Fig. 5C and D). 
Among mycoplasmas with the classical anti-SD motif, Mycoplasma genitalium and 
Mycoplasma pneumonia, which are phylogenetically closely related (Fig. 5A), showed 
no G enrichments within the SD regions and had very low dFSD (Fig. 5C and D). The 
ΔG standard deviation values (range: 2.60–3.47) of these two strains, however, were 
distinct from Group 4 (range: 1.69–1.73) (Table S1). In other Mycoplasma species, SD 
interactions appeared to largely involve translation initiation, as considerable dFSD 
values were observed. 
These results substantiate our hypothesis that the loss of classical anti-SD motifs equates 
to loss of SD interactions. Conservation of the classical anti-SD motif, however, does 
not always correspond to a high frequency in SD-like sequences, dramatic examples of 
which were seen in Flavobacteria (with the anti-SD motif) as well as in M. genitalium 
and M. pneumonia. It is presumable that SD-led and non SD-led mechanisms (for 
example, direct translation of leaderless mRNA) for translation initiation coexist in most 
bacteria. SD-led mechanisms appear in a very small number of Flavobacteria (with the 
anti-SD motif), M. genitalium, and M. pneumonia genes or not at all in the lost anti-SD 
bacteria 
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3.3. Reductive Evolution May be Associated with the SD Interaction 
Loss 
The loss of the classical anti-SD motif in primary endosymbionts (Groups 2 and 3) and 
hemotrophic mycoplasmas (Group 4) possibly is related to a host-associated lifestyle. 
Extreme host association restricts the effective population size and causes frequent 
population bottlenecks at the time of transmission. Because host-associated bacteria can 
stably obtain copious metabolites from hosts, most of their genes for metabolism and 
other cellular processes have been eliminated, resulting in massive genomic downsizing 
(Toft and Andersson 2010; McCutcheon and Moran 2012). 
Primary endosymbionts and mycoplasmas are thought to be at the extreme of this host 
association, as they lack genes most free-living bacteria have including those for DNA 
repair, recombination, and transfer, and they carry the smallest genomes among 
sequenced bacteria to date as a consequence (Toft and Andersson 2010; McCutcheon 
and Moran 2012). SD interaction, which may be a useful regulatory mechanism but not 
essential for life, might have lost in response to such genomic minimization. I assume 
that ancestors of obligate lost anti-SD bacteria (Groups 2, 3, and 4) in a free-living state 
had multiple mechanisms for translation initiation. During a period of host association, 
the evolutionary forces toward large-scale gene/function loss may have leaded to 
elimination of SD interactions, remaining other option for translation initiation. 
I looked for the gene loss pattern in several lost anti-SD bacteria belonging to primary 
endosymbionts. I first categorized orthologous clusters of gamma- and beta-
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proteobacteria according to functional categories in the KEGG orthology database 
(Kanehisa et al. 2014). SD interaction usage (FSD) was calculated for each category to 
investigate differences in SD interaction usage among functional categories. For the both 
bacterial groups, genes for key biological functions such as transcription, transport, 
catabolism, energy metabolism, signal transduction, cell growth, and cell death showed 
high SD interaction usage (Figs. 6 and 7). The other categories also contained some SD 
sequence-carrying genes with lower SD interaction usage. Despite the diversity in usage, 
SD sequences were wide-spread among all functional categories. This probably suggests 
that translation initiation by SD interactions is not a mechanism specific to some 
particular functions. 
Gene loss processes during genome reduction of primary endosymbionts seem to have 
undergone massively in all functional categories except for categories of essential 
processes such as transcription and translation (Figs. 6 and 7). Gene loss in primary 
endosymbionts did not occur specifically in genes with a SD sequence, suggesting SD 
interaction loss was not due to direct loss of genes with a SD sequence. It is presumable 
that reduction of absolute number of SD sequence-carrying genes during extreme 
genome reduction likely increased the chance for radical evolution of SD sequences 
towards their elimination. 
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FIG. 6. FSD values (SD interaction usage) of various functional gene categories for Gamma-
proteobacteria. FSD values resulted from 184 species with genome size > 1 Mb were shown 
in a boxplot for each gene category. Functional gene categories with orthologous clusters > 4 
are shown. Number and percentage of orthologous clusters remaining in Ca. Zinderia 
insecticola (a lost-anti-SD bacterium) are shown. Blue fonts: Genetic information. Green 
fonts: Environmental information. Red fonts: Metabolism. Orange: Cellular processes. 
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FIG. 7. FSD values (SD interaction usage) of various functional gene categories for Beta-
proteobacteria. FSD values resulted from 81 species with genome size > 1 Mb were shown in 
a boxplot for each gene category. Functional gene categories with orthologous clusters > 4 
are shown. Number and percentage of orthologous clusters remaining in Ca. Carsonella 
ruddii (a lost-anti-SD bacterium) are shown. Blue fonts: Genetic information. Green fonts: 
Environmental information. Red fonts: Metabolism. Orange: Cellular processes. 
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SD interaction loss, however, is not strongly correlated with reduced genomic size. 
Groups 2 and 3 lost anti-SD bacteria that are members of the smallest genomes among 
those used in this study (Table 1) supported the hypothesis. However, this was not 
supported by B. aphidicola, B. cicadellinicola and Ca. Blochmannia vafer (Fig. 4), 
because they are primary endosymbionts of insects with genomic sizes as small as those 
in Groups 2 and 3, despite the considerable SD interaction usage. Moreover, the 
genomic size of M. haemofelis str. Langford 1 (Group 4) is the third largest among 26 
mycoplasmas I analyzed. 
It is obvious that genome reduction is a feature shared by many lost anti-SD bacteria. 
The loss, however, cannot be explained simply by genome reduction. Each bacterium is 
on its own evolutionary history and path, which makes it difficult to point out causes for 
SD interaction loss.  
3.4. Emergence of a Novel Translation Initiation Mechanism May Have 
Led to SD Interaction Loss 
Flavobacteria showed a distinct pattern in the 5′ UTR, which was an A-rich pattern 
before a start codon (Fig. 3D). No primary endosymbionts in this class that has been 
completely sequenced to date contained classical anti-SD motifs. Interestingly, three 
free-living in this class without any signs of extreme genomic reduction (Group 1) also 
belonged to lost anti-SD bacteria. An unknown alternative mechanism that uses the A-
rich signal is superior to the SD-led mechanism in this class, hence possibly promoting 
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loss of SD interactions. The alternative mechanism, however, is still hypothetical, thus 
its experimental confirmation remains to be achieved.  
3.5. Materials and Methods 
3.5.1. Determining Small Subunit rRNA Genes and Anti-SD Sequences 
Refseq sequences of complete bacterial genomes (n = 1081) and their annotation 
information were downloaded from the National Center for Biotechnology Information 
website (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/) on 26 April 2011. I first retrieved 
small subunit rRNA gene sequences from these genomes based on their registered 
annotations. The 3′ tail of the reference small subunit rRNA gene, which was a sequence 
of the small subunit rRNA gene of E. coli str. K-12 substr. DH10B, was used to locate 
corresponding regions in other genomes. The ClustalW algorithm (Larkin et al. 2007) 
was used for the sequence alignment with default parameters. When the retrieved 
sequence did not include the 3′ tail sequence, I searched for it downstream. I searched 
the 3′ tail for the classical anti-SD motif, 5′CCUCC. 
3.5.2. Phylogenetic Tree 
Small subunit rRNA gene sequences were aligned by ClustalW with default parameters. 
For the alignment, trees were constructed using MEGA5 (Tamura et al. 2011) 
(maximum likelihood method, Tamura–Nei model (Tamura and Nei 1993), and 
bootstrap replication of 1,000 times). 
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3.5.3. Analysis of SD Interaction 
For every protein-coding gene, I retrieved the sequence in the SD region (the region -20 
to -5 nt from the start codon). To determine a given SD region had a SD sequence, I 
followed previous approaches that quantified the minimum change in free energy (ΔG) 
in duplex formation between the SD region and the 3′ tail of small subunit rRNA (Schurr 
et al. 1993; Ma et al. 2002; Starmer et al. 2006; Nakagawa et al. 2010). SD sequences 
were defined when ΔG was lower than a certain cutoff; I used two cutoff values, -3.4535 
and -4.4 kcal/mol following earlier studies (Ma et al. 2002; Starmer et al. 2006). 
FREE_SCAN algorithm (Starmer et al. 2006) was used for measuring ΔG between two 
strands. Next I calculated the gene fraction carrying the SD sequences among all for a 
given genome by the equation: FSD = “Protein-coding genes number with the SD 
sequences” / “Total number of protein-coding genes”. For each genome, FSD was 
adjusted to dFSD as an earlier study (Nakagawa et al. 2010) described by the equation: 
dFSD = dFSD - rFSD, where rFSD was the fraction of SD sequences among artificially 
generated sequences (n = 20000, 16 nt). The probability for generating a particular 
nucleotide equated the background fraction of each nucleotide, where the background 
nucleotide fraction was defined as the fraction of each nucleotide in sequences ranging 
from -21 to -100 nt relative to start codons in the given genome. 
3.5.4. Analysis of Nucleotide Bias in 5′ UTRs 
I calculated nucleotide bias in 5′ UTRs (from -50 to -1 relative to the start codon) of all 
protein-coding genes in a given genome. The nucleotide bias dfN (N = A, C, G, or T) 
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was calculate by the equation: dfN = “fraction of a nucleotide N at the specific position” / 
“the background fraction of nucleotide N”. 
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4. Part 2. Alterations in Shine-Dalgarno Interaction during 
Plastid Evolution 
*This chapter is written based on a submitted manuscript (Lim K, Kobayashi I, Nakai K. 
Alterations in rRNA-mRNA interaction during plastid evolution). To avoid any troubles 
in publishing the manuscript in a scientific journal, open release of this chapter by the 
University of Tokyo has been postponded for up to 5 years. 
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5. Closing Remarks 
*This chapter is written based in part on a submitted manuscript (Lim K, Kobayashi I, 
Nakai K. Alterations in rRNA-mRNA interaction during plastid evolution). To avoid 
any troubles in publishing the manuscript in a scientific journal, open release of this 
chapter by the University of Tokyo has been postponded for up to 5 years. 
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8. Supplementary Information 
Table S1. Analysis of SD Signals of the Lost Anti-SD and Reference Genomes 
a: Mean of ΔG values smaller than the cut-off 
Pylum 
/Class 
Name Accession 
Predicted anti-SD 
sequence 
Th
e an
ti-SD
 
m
o
tif 
All protein-coding genes 
Number 
Cut off: ΔG < -4.4 kcal/mol Cut off: ΔG < -3.4535 kcal/mol M
ean
 
Δ
G
 
Std
ev 
Δ
G
 
FSD dFSD 
Mean 
ΔGa 
FSD dFSD 
Mean 
ΔGa 
Bacteroidetes  
/Flavobacteria 
Gramella forsetii KT0803 NC_008571 GAACACCUCCUUU O 3584 0.05  -0.05  -6.31  0.11  -0.09  -5.06  -0.48  2.07  
Zunongwangia profunda SM-A87 NC_014041 GAACACCUCCUUU O 4653 0.06  -0.03  -6.24  0.11  -0.06  -5.11  -0.57  2.12  
Cellulophaga lytica DSM 7489 NC_015167 GAACACCUCCUUU O 3284 0.02  -0.05  -6.29  0.05  -0.09  -4.95  0.21  1.81  
Capnocytophaga ochracea DSM 7271 NC_013162 GAACACCUCCUUU O 2171 0.06  -0.05  -6.67  0.08  -0.11  -5.70  -0.21  2.17  
Flavobacterium johnsoniae UW101 NC_009441 GAACACCUCCUUU O 5017 0.03  -0.05  -5.95  0.06  -0.09  -4.86  0.07  1.78  
Weeksella virosa DSM 16922 NC_015144 GAACAUCUCAUAU X 2049 0.02  -0.06  -5.75  0.04  -0.10  -4.78  -0.41  1.45  
Flavobacteriaceae bacterium 3519-10 NC_013062 GAACAUCUCAUUU X 2534 0.03  -0.06  -5.93  0.06  -0.10  -4.82  -0.57  1.64  
Riemerella anatipestifer DSM 15868 NC_014738 GAACAUCUCAUUU X 1972 0.02  -0.06  -6.13  0.06  -0.10  -4.53  -0.45  1.55  
Blattabacterium sp. str. BPLAN NC_013418 GAACAUCUCUUUU X 578 0.04  -0.03  -6.15  0.09  -0.03  -4.85  -0.91  1.83  
Blattabacterium sp. str. Bge NC_013454 GAACAUCUCUUUU X 586 0.03  -0.03  -5.68  0.06  -0.05  -4.76  -0.59  1.69  
Candidatus Sulcia muelleri DMIN NC_014004 GAACAUUUCUGUU X 226 0.04  -0.04  -5.60  0.05  -0.10  -5.12  -0.37  1.58  
Candidatus Sulcia muelleri GWSS NC_010118 GAACAUUUCUGUU X 227 0.04  -0.03  -5.95  0.07  -0.08  -5.26  -0.54  1.75  
Candidatus Sulcia muelleri SMDSEM NC_013123 GAACAUCUCUGUU x 242 0.04  -0.03  -6.16  0.06  -0.08  -5.41  -0.56  1.73  
Candidatus Sulcia muelleri CARI NC_014499 GAAUAUCUCUGUU x 246 0.02  -0.05  -5.47  0.04  -0.10  -4.83  -0.61  1.40  
Proteobacteria  Escherichia coli str. K-12 substr. NC_000913 GAUCACCUCCUUA o 4145 0.61  0.41  -6.84  0.80  0.49  -6.11  -5.14  2.74  
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/γ-proteobacteria MG1655 
Buchnera aphidicola str. 5A NC_011833 GAUCACCUCCUUA o 555 0.32  0.29  -5.99  0.55  0.48  -5.04  -3.05  2.64  
Baumannia cicadellinicola str. Hc NC_007984 GAUCACCUCCUUA o 595 0.34  0.26  -6.22  0.50  0.36  -5.38  -2.95  2.90  
Candidatus Blochmannia vafer str. 
BVAF NC_014909 GAUCACCUCCUUA o 587 0.27  0.21  -6.40  0.44  0.33  -5.35  -2.58  2.96  
Vibrio cholerae M66-2 NC_012578 GAUCACCUCCUUA o 3693 0.43  0.24  -6.52  0.57  0.28  -5.82  -3.75  2.93  
Legionella longbeachae NSW150 NC_013861 GAUCACCUCCUUA o 3403 0.48  0.36  -6.64  0.65  0.45  -5.87  -4.14  2.99  
Candidatus Ruthia magnifica str. Cm NC_008610 GAUUACCUCCUUA o 976 0.25  0.14  -6.32  0.37  0.19  -5.50  -2.32  2.87  
Candidatus Carsonella ruddii PV NC_008512 GAAAAUUUUUAAA x 182 0.03  0.02  -5.54  0.08  0.04  -4.54  -1.44  1.38  
Proteobacteria 
/β-proteobacteria 
Neisseria meningitidis 053442 NC_010120 GAUCACCUCCUUU o 2020 0.40  0.20  -6.45  0.52  0.22  -5.81  -3.43  2.99  
Thiobacillus denitrificans ATCC 25259 NC_007404 GAUCACCUCCUUU o 2827 0.46  0.17  -7.02  0.61  0.20  -6.22  -4.20  3.17  
Burkholderia cenocepacia AU 1054 NC_008061 GAUCACCUCCUUU o 6477 0.47  0.19  -6.95  0.64  0.24  -6.12  -4.30  3.08  
Herbaspirillum seropedicae SmR1 NC_014323 GAUCACCUCCUUU o 4735 0.47  0.22  -6.75  0.63  0.26  -5.99  -4.15  2.97  
Candidatus Zinderia insecticola CARI NC_014497 GAUUACAUUUUAA x 202 0.01  -0.03  -5.42  0.02  -0.06  -4.35  -0.80  1.07  
Proteobacteria  
/α-proteobacteria 
Rhodobacter sphaeroides 2.4.1 NC_007493 GAUCACCUCCUUU o 3857 0.66  0.36  -7.53  0.81  0.38  -6.86  -5.81  3.09  
Caulobacter crescentus CB15 NC_002696 GAUCACCUCCUUU o 3737 0.46  0.17  -7.04  0.61  0.19  -6.27  -4.28  3.13  
Rickettsia africae ESF-5 NC_012633 GAUUACCUCCUUA o 1030 0.19  0.09  -6.26  0.28  0.12  -5.40  -1.78  2.68  
Wolbachia sp. wRi NC_012416 GAUUACCUCCUUA o 1150 0.32  0.19  -6.77  0.45  0.24  -5.91  -2.97  3.18  
Candidatus Hodgkinia cicadicola Dsem NC_012960 AAACUUUUGAAAU x 169 0.04  0.01  -5.07  0.05  -0.01  -4.77  -0.74  1.60  
Tenericutes  
/Mollicutes 
Mycoplasma conjunctivae HRC/581 NC_012806 GAACACCUCCUUU o 692 0.43  0.37  -6.84  0.57  0.45  -6.07  -3.53  3.47  
Mycoplasma hyorhinis HUB-1 NC_014448 GAACACCUCCUUU o 654 0.43  0.38  -6.46  0.54  0.45  -5.90  -3.23  3.36  
Mycoplasma pulmonis UAB CTIP NC_002771 GAUCACCUCCUUU o 782 0.44  0.38  -6.70  0.54  0.42  -6.13  -3.29  3.52  
Mycoplasma agalactiae NC_013948 GAUUACCUCCUUU o 813 0.59  0.53  -6.93  0.70  0.58  -6.43  -4.70  3.25  
Mycoplasma fermentans JER NC_014552 GAUCACCUCCUUU o 797 0.56  0.50  -7.51  0.63  0.52  -7.09  -4.44  4.06  
Mycoplasma mobile 163K NC_006908 GAUCACCUCCUUU o 633 0.51  0.45  -6.71  0.60  0.49  -6.26  -3.66  3.59  
Mycoplasma leachii PG50 NC_014751 GAUCACCUCCUUU o 882 0.64  0.59  -7.09  0.74  0.63  -6.64  -5.06  3.34  
Mycoplasma penetrans HF-2 NC_004432 GAUCACCUCCUUU o 1037 0.41  0.37  -6.55  0.55  0.45  -5.84  -3.21  3.39  
Mycoplasma gallisepticum str. R(low) NC_004829 GAUUACCUCCUUU O 763 0.23  0.15  -6.28  0.30  0.15  -5.71  -2.08  2.78  
Mycoplasma pneumoniae M129 NC_000912 GAUCACCUCCUUU O 689 0.17  0.03  -8.06  0.24  0.01  -6.76  -1.80  3.47  
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Mycoplasma genitalium G37 NC_000908 GAUCACCUCCUUU O 475 0.10  -0.01  -7.35  0.14  -0.04  -6.17  -1.12  2.60  
Mycoplasma haemofelis str. Langford 
1 NC_014970 GAUAAUCUUCAAG X 1545 0.07  -0.02  -5.68  0.15  -0.01  -4.71  -1.70  1.73  
Mycoplasma suis KI3806 NC_015153 GAUAACUUUUUAU X 794 0.07  0.02  -5.62  0.13  0.03  -4.81  -1.57  1.73  
Mycoplasma suis str. Illinois NC_015155 GAUAACUUUUUAU X 844 0.07  0.02  -5.45  0.13  0.02  -4.78  -1.59  1.69  
This table is adapted from Lim et al. (2012)` 
